Greenberg et al., 1998). Although the mouse is a good
histopathological findings in the aged balding G3 and G6 mice are consistent with a diagnosis of androgenetic model for studying telomerase activity and its regulation, the long telomeres in this species, despite modest attrialopecia (male pattern baldness; Courtois et al., 1994). In addition to changes in hair number and color, a higher tion with aging (K. L. R. and R. A. D., unpublished data), make it unlikely that telomere length plays a prominent incidence of severe ulcerative skin lesions were seen in G3 and G6 mice 15 months and older compared to role in normal mouse aging.
A critical evaluation of the effect of telomere shortenmTR ϩ/ϩ animals ( Figures 1D, 1G , and 1H). While the frequency of skin lesions in G3 and G6 animals is similar, ing on aging in vivo has been hampered by the lack of mammalian-based model systems. We have previously the onset of skin ulcerations was earlier in life in G6 compared to mTR ϩ/ϩ and G3 animals (average age: 25 generated telomerase-deficient mice through disruption of the gene encoding the essential RNA component of months in mTR ϩ/ϩ , 26 months in G3, and 15 months in G6). These lesions were located predominantly at the telomerase holoenzyme (mTR) (Blasco et al., 1997). These studies established that mTR Ϫ/Ϫ mice exhibit proanatomical sites that are exposed to chronic mechanical stress, including distal limbs, perineum, snout, and gressive telomere shortening with each successive generation arising from mTR Ϫ/Ϫ intercrosses (Blasco et al., throat area. Histologically, the skin lesions appeared as ulcerations with epidermal hyperplasia, hyperkeratosis, 1997; Lee et al. 1998 ). Sixth generation mice (G6) were infertile, had a decreased proliferative capacity of spleand underlying dermal fibrosis ( Figure 1I ). Such lesions are similar to those seen after chronic superficial trauma, nocytes and bone marrow cells in vivo, and had an increased embryonic lethality due to neural tube closure particularly in debilitated elderly humans. defects (Lee et al., 1998; Herrera et al., 1999) . Third generation mTR Ϫ/Ϫ mice (G3) possess shortened teloTelomere Length Correlates Inversely meres early in life but, at this point, appear to be phenoto the Incidence of Skin Lesion, typically normal in every respect (Lee et al., 1998) . The Alopecia, and Hair Graying current study focused primarily on the physiological To determine whether telomere shortening played a consequences in an aging population of G3 mice and causal role in the skin phenotypes described above, telocompared these results to first and sixth generation mere length analysis was performed on G3 mice of difmTR Ϫ/Ϫ mice (G1 and G6, respectively) to dissect the ferent ages. Quantitative (Q)-FISH is a powerful method contribution of telomere dysfunction to the pathophysioto determine telomere length in mice. Using this method, logical processes and events associated with aging.
it was shown that telomere length decreases at a rate unpublished data) and showed comparable results for for a broad spectrum of phenotypes associated with different cell types within a given generation of mTR Ϫ/Ϫ the aging process. For brevity, we refer to successive mice (MEFs and peripheral blood leukocytes, data not generations of telomerase-deficient mice as G1 (for G1 shown). Flow-FISH allows the determination of telomere mTR Ϫ/Ϫ ), G2 (for G2 mTR Ϫ/Ϫ ), and so on. length in a large number of samples and can be performed on primary cells derived from peripheral bleeds. Since young G3 mice are phenotypically normal but proHair Graying, Alopecia, and Skin Lesions A dramatic increase in the incidence of hair graying and gressively experience age-dependent compromise in the skin, flow-FISH telomere length determinations were alopecia (hair loss) was noted in aging G3 and G6 mice compared to age-matched mTR ϩ/ϩ mice ( Figures 1A-1D: obtained in leukocytes derived from multiple 1-monthold and Ͼ16-month-old G3 mice. A Ͼ50% reduction in 25% in mTR ϩ/ϩ , 54% in G3, and 60% in G6, in animals older than 15 months). In addition, hair graying was telomere length was observed in old G3 samples relative to young G3 samples ( Figure 2B , p ϭ 0.035), a finding seen at younger ages: some of the G6 animals showed graying at 6 months of age, while none of the G3 or consistent with the view that cell proliferation-dependent telomere erosion takes place in highly proliferative mTR ϩ/ϩ mice showed alopecia or hair graying at this age. Hair growth is a cyclic process in which the hair organ systems during life. Next, we addressed whether differences in telomere follicle progresses through an active growth phase (anagen), an involuting phase (catagen), and a resting phase length correlate with the presence or absence of ageassociated cutaneous phenotypes in aged G3 mice. The (telogen) (Courtois et al., 1995). Dorsal skin specimens from 15-to 18-month-old G3 and G6 mice showed equal relative telomere fluorescence signal of disease-free G3 mice was approximately 3-fold higher than in agenumbers of hair follicles in the dermis compared to mTR ϩ/ϩ animals ( Figures 1E and 1F) , but there was a matched G3 mice afflicted with ulcerative skin lesions, hair graying, and alopecia ( Figure 2C ; comparing six clear increase in miniaturized, involuted, melanin-rich follicles in the superficial dermis ( Figure 1F ). The number animals with ulcerative skin lesions/hair graying or alopecia to five age-matched, disease-free animals, p ϭ of hair follicles in the growth phase (anagen) relative to the resting phase was 2-to 3-fold lower in G3 and G6 0.029). These data suggest that animals with shorter telomeres are more likely to display a disease phenotype compared to mTR ϩ/ϩ animals ( Figures 1E and 1F) . These in the skin, further suggesting that telomere shortening the functional metabolic and structural integrity of many organ systems was also normal (data not shown). Morein vivo contributes to disease susceptibility. over, radiographic and histologic analyses of the femur failed to demonstrate osteoporosis, histological examiTelomere Shortening Does Not Cause Generalized Premature Aging nation of aged arterial walls did not reveal signs of arteriosclerosis, and cataract formation occurred at similar To determine whether other phenotypes often associated with aging occur early in the aging G3 animals, we frequencies in all groups (data not shown). Normal blood glucose levels after fasting and in response to glucose carried out a broad histological survey of many organ systems (see Table 1 ). Analysis of the cardiovascular challenge showed that glucose tolerance was normal in these mice (data not shown). With the exception of system, liver, kidneys, and brain showed no pathological changes typical of aging organisms (data not shown).
modest reduction in spleen size, telomere shortening did not result in significant defects in the cellularity and A comprehensive serum chemistry profile that surveys . Consistent with the decrease in body weight, 15% increase in the incidence of spontaneous death was observed in 3-to 12-month-old G4-G6 animals. a diminished fat cell layer between the dermis and the skeletal muscles was seen in the skin sections of old Further, at older ages, G6 mice showed elevated mortality. The survival curves of Ͼ12-month-old G4 and G5 G6 animals ( Figure 1F , asterisk), a finding considered to be a typical feature of aged human skin (Zivicnjak et animals paralleled those of mTR ϩ/ϩ and G1-G3 animals, while G6 mice died earlier. The 50% mortality mark ocal., 1997). In the gastrointestinal tract, villous atrophy and zonal blunting in the proximal intestine were decurred at 18 months for G6 mice, while 50% mortality was not reached until 24 months for mTR ϩ/ϩ and G1-G4 tected in a subset (3/5) of the aged G6 animals by wholemount staining and histological sections (Figures 4B-4E, mice. As is often the case in natural death in humans, macroscopic and histological analyses at autopsy did representative samples shown). This disruption of the 
Impaired Stress Response in Aged mTR Ϫ/Ϫ Mice
The limitation of cell replication by telomere shortening could affect the ability of the aging organism to respond to pathological conditions that provoke elevated cell turnover, as for example wounding, chronic hemolysis/ bleeding, or infection. To address this possibility more directly, wound healing studies and the recovery potential of the hematopoietic system following blood cell ablation with 5-fluorouracil (5-FU) were monitored in young (1-3 months) and old (15-20 months) mTR ϩ/ϩ , G3, and G6 mice.
Wound Healing
Four 3 mm punch biopsies were performed on the skin of the scapulae of mice housed in isolation, and the rate of wound healing was monitored by gross inspection and by serial histological examination. One day after wounding (PWD 1), the wounds of 15-to 18-month-old G3 and G6 mice exhibited delayed coagulum formation and remained opened and wet, while age-matched G1 and mTR ϩ/ϩ mice achieved complete coagulum forma- dysfunction (e.g., chromosomal fusions). Although the platelets not shown). Similarly, body weight curves showed a marked decline only in the old mice following mechanistic basis for impaired wound healing is not well understood and thought to involve an interplay of 5-FU injection. Loss of body weight, which serves as an indicator of gastrointestinal defects and overall fitness, cellular proliferation, growth factor production, and immune system dysfunction, the absence of significant was more pronounced in old G6 compared to old mTR ϩ/ϩ , while G3 animals exhibited an intermediate differences in BrdU incorporation (data not shown) indicates that the impact of telomere shortening in wound phenotype (average loss of body weight 15% and 10%, respectively). The clinical appearance of the old G3 and repair of the aged mTR Ϫ/Ϫ mice is complex and extends beyond simple proliferation defects.
G6 animals was markedly compromised, and subcutaneous injections of saline to maintain hydration of the animals had no therapeutic benefit. As a consequence Response to Blood Cell Depletion To further examine the capacity to cope with acute of this generalized morbidity, three out of four old G6 and two out of five old G3 animals died on days 6-11. stress, peripheral blood cell kinetics and survival following 5-FU-induced ablation of the hematopoietic system Notably, the mice that succumbed were those that showed the most profound decrease in WBC counts were monitored in young and old mTR ϩ/ϩ and mTR Ϫ/Ϫ mice. mTR ϩ/ϩ mice will typically recover from a low dose (specifically neutropenia) and body weight. In contrast, all of the old mTR ϩ/ϩ animals regenerated WBC counts of 5-FU (100 mg/kg body weight i.p.), and the ability to regain peripheral blood counts and body weight after by day 11, regained pretreatment body weights, and survived the treatment protocol. Red blood cells de-5-FU injection is a measure of the ability of the mice to respond to the induced stress. 5-FU exposure had no creased in all treated animals (in part due to repeated phlebotomy for the peripheral blood count determinasignificant effect on body weight, WBC, hemoglobin, and the overall clinical status of young animals in all tions); nevertheless, a delay in renewal was observed in old G3 and G6 but not in the mTR ϩ/ϩ or younger mTR Ϫ/Ϫ generations (Figures 6A-6C) . In contrast, older mice (16-22 months) showed a decline in all peripheral cohorts. Whereas three out of four old mTR ϩ/ϩ animals had regained sufficient hemoglobin levels (Ͼ10 g/dl) by blood cells with the lowest point occuring 6 days after injection (Figure 6B, WBC; Figure 6C , hemoglobin levels; day 11 after treatment, four out of five G3 and G6 animals Figure 7D ). In addition, the cancer well with cellular senescence, there is no evidence for rate in later generations (G4-G6) is higher than in G1-G3, even though many G6 mice have yet to reach an equivaa clear correlation at the organismal level with human life lently old age, during which the highest cancer rates span. Further, mouse telomeres are significantly longer were observed for mTR ϩ/ϩ and G1-G3 animals. (Thus, than human telomeres, and species differences in telothe cancer incidence reported here is likely to be an mere length in the mouse do not correlate with life span underestimate for the G4-G6 cohort.) The majority of (Greider, 1996) . Thus, to the extent that there is a similar tumor types originate from highly proliferative cell types mechanism of life span determination between these (i.e., teratocarcinomas [germ cells], lymphomas [leukotwo species, it is unlikely that telomere length is the cytes], and squamous cell carcinomas [keratinocytes]). driving determinant. Although some aspects of the These cell types are likely to sustain the highest degree mTR Ϫ/Ϫ mouse mimic age-associated disease, many of telomere shortening with increasing age (Figure 7E ). signs and symptoms classically associated with premaTogether, these findings are consistent with the hypothture aging mouse models were not evident in mTR
esis that loss of telomere function and the resulting mice. In particular, there was no evidence of increased genetic instability that ensues facilitate the development cataract formation, osteoporosis, glucose intolerance, of certain cancers. In line with this hypothesis, cytogeor vascular disease. However, the decreased stress renetic analysis of the tumors showed a 3-to 18-fold sponse seen in the mTR Ϫ/Ϫ mouse provides a good increase in the number of chromosomal fusions per model to study the role of the age-related decline in metaphase and a 2-fold increase in the incidence of stress response seen in humans. aneuploidy in mTR Ϫ/Ϫ tumors compared to mTR ϩ/ϩ tumors ( Figure 7F ). Although only two mTR ϩ/ϩ tumors were Impaired Telomere Function and Stress Response examined in this study, the low incidence of chromoThe aged, late generation mTR Ϫ/Ϫ mice showed diminsomal fusions detected in these tumors was also obished response to stress in several different settings. served in mTR ϩ/ϩ tumors derived from the Ink4a Ϫ/Ϫ mice This decreased stress response could be a direct result (Greenberg and R. A. D., unpublished data). Flow-FISH of the decline in proliferative capacity of specific cell analysis revealed shorter telomere ends in late generatypes or could indicate a more global organismal retion mTR Ϫ/Ϫ tumors compared to mTR ϩ/ϩ tumors and sponse to telomere shortening. Although studies from early generation mTR Ϫ/Ϫ tumors ( Figure 7G ), indicating yeast show that telomere shortening only manifests itthat loss of telomere function might contribute to tumoriself after many cell divisions, the work presented here genesis in these animals.
suggests that under some circumstances in mice, phenotypes can be observed that are not directly related Discussion to cell division. The inability of B and T cells from mTR Ϫ/Ϫ animals to respond to mitogenic stimulation is apparent Telomere and chromosome stability is necessary for cell viability. Previous studies showed that the mTR Ϫ/Ϫ mice in the first cell cycle after a mitogen is provided (Lee et al., 1998). Since this phenotype can already be seen in At face value, the increased tumor incidence seems to G3 animals, and yet G4-G6 animals have viable B and contradict the decrease in tumor formation expected T cells, the lack of response to mitogens cannot simply from the loss of cell viability associated with telomere be due to reaching a critically short telomere length dysfunction. It also appears confusing in light of the or a limit to cell division capacity. In a similar fashion, frequent upregulation of telomerase postcrisis (Harley although the decreased response to stress described and Sherwood, 1997; Shay, 1997) or the ability of teloin this paper might be due in part to a diminished cell merase to facilitate transit through crisis (Counter et al., renewal capacity, it is also possible that short telomeres 1992; de Lange, 1994; Weinberg, 1998). Moreover, we may directly impact upon more differentiated functions in have documented a significant decrease in tumor incicertain tissues (e.g., cytokine production, signaling, etc.). dence in mice doubly null for mTR Ϫ/Ϫ (G4 onward) and sion may initiate genetic instability that leads to cancer.
